High electron mobility transistors based on Aluminum Gallium Nitride/Gallium Nitride heterostructures are poised to become the technology of choice for a wide variety of high frequency and high power applications. Their reliability in the field, particularly the reliability of the gate electrode under high reverse bias, remains an ongoing concern, however. Rapid increases in gate leakage current have been observed in devices which have undergone off-state stressing. Scanning Electron Microscopy, scanning probe microscopy, and Transmission Electron Microscopy have been used to evaluate physical changes to the structure of Ni-gated devices as the gate leakage current begins its initial increase. This evaluation indicates the formation of an interfacial defect similar to erosion under the gate observed by other authors. Defect formation appears to be dependent upon electrical field as well as temperature. Transmission Electron Microscopy has been used to demonstrate that a chemical change to the interfacial oxynitride layer present between the semiconductor and gate metal appears to occur during the formation of this defect. The interfacial layer under the gate contact transitions from a mixed oxynitride comprised of gallium and aluminum to an aluminum oxide.
Introduction
High electron mobility transistors based on Aluminum Gallium Nitride/Gallium Nitride heterostructures (AlGaN/GaN HEMTs) are becoming a widely accepted semiconductor technology in telecommunications and aerospace applications [1] . This is due to the high breakdown voltages [2] and high Two Dimensional Electron Gas (2DEG) saturation velocities [3] utilized by heterostructures employed from this materials system. Despite the inherent benefits associated with this technology, many technical challenges must be surmounted if it is to be widely utilized in power and RF applications. Chief among these hurdles are the wide variety of reliability issues associated with the operation of these devices in the field [4, 5] .
In cases where operation requires high fields between the drain contact and the gate contact, the gate is prone to degradation. This results in undesirable increases in gate current (I G ) as well as decreases in the drain current passing between the source and drain electrodes (I DS ). This degradation has been observed by various researchers with different gate metal stacks [5, 6, 7] . Initial studies of the degradation of the gate contact began with Pt-gated devices, where many authors observed that both recoverable and non-recoverable decreases in I DS resulted from electrostatic stressing of devices where large fields were applied under the gate electrode of the device under stress. Reversible electrostatic degradation effects were attributed to deep level trapping [8] . Non-recoverable increases in the gate leakage current also resulted from these stressing experiments [9] .
A variety of sources of non-recoverable degradation have been observed in AlGaN/GaN HEMTs. Ivo et al. observed that interactions between electrodes from the gate electrode and unpassivated surfaces surrounding the gate contact can result in the formation of a "punchthrough"-like defect under the 2DEG. This occurs during offstate stressing when high electric fields are applied between the gate and drain electrodes of the device, resulting in degradation in I DS without any increase in I G [10] . Kawanago et al. observed that I DS can also be reduced during off-state stressing without any increase in I G due to interactions between the gate metal of the device and the AlGaN, resulting in the formation electron traps which act as a source of coulombic repulsion [11] . The mechanism for this interaction is the outdiffusion of N from the AlGaN and into the metal of the gate contact, resulting in vacancies. This can occur even in as-formed devices [12, 13] and is mitigated by the use of metal nitrides or noble metals for the gate material.
The degradation mechanism most commonly referenced and studied, however, is a combination of I DS reduction and I G enhancement. The onset of this degradation was first observed in voltage-stepped stressing experiments, where the potential between the gate electrode and drain electrodes of the device was ramped from a low to high absolute value at a set rate. One observed effect of this stepped stressing experiment was a sudden increase in I G at a more-or-less repeatable potential, termed the critical voltage (V CRIT ) [14] .
This definition of V CRIT assumes a mechanism which is not driven by reaction kinetics, without thermal or temporal components. It also assumes that the mechanism of I D and I G degradation are one and the same. AlGaN and GaN are polar crystals which manifest a large inverse piezoelectric effect [15] . The first theory for the increase in I G invoked this inverse piezoelectric effect and attributed the increase in leakage current to a fracture event at the drain side of the gate electrode where the large electrical fields present under the gate result in large tensile strain fields. This strain field could generate a void in the AlGaN which could be filled in by the Pt gate, resulting in a short to the 2DEG. Chowdhury et al. corroborated this theory with observations of pitted features under the drain side of the gate utilizing both crosssectional Transmission Electron Microscopy (TEM) as well as, Scanning Electron Microscopy (SEM) [16] . Makaram et al. further corroborated this theory by observing pits under the gate region of a HEMT with Scanning Probe Microscopy (SPM) [17] . Both authors correlated the formation of these defects with a reduction in I DS . Bajo et al. used SPM and (Electron Beam Induced Current) to correlate the presence of pitting/ cracking defects within the AlGaN under the gate contact to the presence of higher leakage currents [18] . Narita et al. were able to correlate the gate leakage current with the formation of inhomogeneous electroluminescence under a transparent ITO gate ascribed to pitting defects and dislocations [19] .
As later research would show, this first-order model proved to be inaccurate. While it certainly influences defect formation, strain alone cannot be the sole cause of the electrostatic degradation observed by researchers. The amount of biaxial tensile strain induced between the gate electrode and the 2DEG as a result of electrical biasing is not sufficient to induce a fracture event within the AlGaN layer of the HEMT similar to those observed with TEM and SPM. Furthermore, the initial increase in I G observed in stepped biasing experiments can occur even when the potential is held below V CRIT , which would suggest that a device need not achieve some critical strain in order for defect formation to occur. The degradation reaction associated with increasing I G has been ascribed to a defect percolation process [20] [21] [22] .
Burnham et al. [23] and Gao et al. [24] have noted that permanent increases in I G and decreases in I DS are also highly dependent upon the ambient environment in which the device under test is being stressed. Gao et al. proposed an electrochemical model for I G /I DS degradation involving OH\ \and hole current via trap assisted tunneling, where the Pt gate acts as the cathode and AlGaN acts as the anode [25, 26] . Wu et al. used temperature-stepped stressing to demonstrate that degradation in I D occurs only when IG is fully degraded at a given potential and that I D degradation proceeds with activation energy of 0.84 eV. Thus, I DS and I G degradation are related but separate phenomena which are temperature activated [27] . They also observed the same pitting described previously with SPM along with an "erosion" defect not observed in any other study which correlated strongly with large increases in the channel resistance (and associated reductions in I DS ) of the devices under stress [28] . They noted that this defect was present, but not fully formed, in an unstressed device, indicating that the degradation was induced by initial fabrication.
Strain is not explicitly invoked in this model. Rather, pit formation is reliant on the presence of defects which act as a seed the electrochemical reaction and associated pit growth. This does not discount strain as an initiator for defect growth, however. Lang et al. have observed that the piezoelectric strain which accompanies high electric fields can induce stacking faults between the gate and drain electrodes which would serve as the seeding defects for this growth [29] . Sun et al. were able to demonstrate through electroluminescence that defect formation serves to reduce electric field as I G increases, which would imply that defect formation also serves to relieve the piezoelectric strain present under the gate [30] . Kuball et al. observed deep level trap formation under the gate electrode of Pt-gated HEMTs and noted that trap densities appeared to increase at a rate commensurate with a diffusionbased process originating at the gate metal [31] . They noted that this diffusion process was likely mediated by biaxial strain, proposing that high electrical fields present between the gate and drain electrodes might enhance diffusion by stretching the AlGaN lattice locally at the drain side of the gate, where the electric field was maximized.
In addition to Pt-gate devices, Ni-gate HEMTs have also garnered considerable interest as a potential solution for AlGaN/GaN based circuits. These devices are also plagued by a variety of reliability issues surrounding the gate contact. Douglas et al. observed the presence of an interfacial oxide between the Ni-gate and AlGaN of HEMTs provided by a variety of manufacturers. Holzworth et al. noted that, in HEMTs provided by a commercial manufacturer, this interfacial layer was composed primarily of AlO and NiO. GaO was absent [32] . Douglas et al. noted that this interfacial layer appeared to degrade during stepped V GS stressing, resulting in an I G increase [33] . The presence of an AlO layer under the gate electrode of the HEMT should not be surprising. Other authors have observed the preferential formation of AlO over GaO as a result of ohmic contact annealing. Higashiwaki et al. observed this using XPS, noting that AlO formation occurs readily in both O 2 and N 2 ambients, suggesting that very little oxygen is actually required in order to form this surface oxide [34] . Wang et al. observed that this same AlO layer can result in dispersion losses in HEMTs after off-state stressing which could be remedied by the utilization of oxide/nitride passivation [35] .
Holzworth et al. demonstrated that Ni-gated devices undergo a similar degradation process to Pt-gated devices when a high electric field is induced between the drain and gate electrodes of the device. In a study utilizing cross-sectional Transmission Electron Microscopy (TEM) in conjunction with Electron Energy Loss Spectroscopy (EELS) and Energy Dispersive X-Ray Spectroscopy (EDS), they demonstrated the presence of Ni-Al-Ga-O based pitting defect under the gate contact in HEMTs which underwent large decreases in I DS during voltage-stepped stressing [36] . This was also observed by the author using SEM [37] . Lo et al. observed that Ni-based electrodes which were annealed would react with oxygen in the ambient to form NiO-based intermetallic complexes. This occurred even in a vacuum [38] . Presumably, oxygen chemisorbed onto the sample surface was sufficient to induce the formation of NiO.
The evidence above suggests an off-state degradation mechanism for Ni-gates which is similar to Pt-gate HEMTs. A pit is formed on the drain side of the gate edge which is an intermetallic oxide. The formation of this defect results in enhanced I G in the off state as well as a reduction in I DS . Curiously, no observation of an "erosion" defect has yet been observed. To this end, a search for this defect and some effort in understanding its composition and mechanism of formation seems warranted.
Experimental methods
For each device studied as part of this work, a Fe-doped GaN buffer layer was grown on a 6H-SiC substrate via Metal-Organic Chemical Vapor Deposition (MOCVD) to a thickness of approximately 2.25 μm, forming a reasonably stress-free layer and trapping most crystallographic defects formed in the GaN buffer layer [39] . A~15 nm-thick layer of Al 0.28 Ga 0.72 N with an n-type GaN capping layer was grown on the epitaxial GaN layer via MOCVD [40] . Further details regarding semiconductor epilayer growth are described elsewhere [41] [42] [43] . Ohmic contacts consisting of Ti/Al/Ni/Au were deposited and patterned on the surface. After patterning, these contacts were annealed for 30 s at 850°C to improve conductivity [44] . The gate contact consisted of an approximately 20 nm-thick Ni liner layer deposited directly on the n-GaN cap, followed by a thicker capping layer of Au. T-gates structures with lengths of~100 nm were used in this work [45] in addition to traditional gates with lengths of~1.25 μm. Finally, a 100 nm-thick SiN x passivation layer was deposited via Plasma Enhanced Chemical Vapor Deposition (PECVD). More details regarding the device fabrication process are described elsewhere [46] . A low-magnification, representative image of a T-gate HEMT which was analyzed as part of this study is shown in Fig. 1 .
Stepped stressing was performed on three devices analyzed as part of this study, where the device was electrically biased from a potential of V GS = −10 V to V GS = −42 V at −1 V/min with a constant potential applied to the source and drain electrodes; V DS = 15 V. After each minute of stressing at a given value of V GS , the device was biased with V DS = 0 V and V GS = − 5 V in order to measure the leakage current flowing through the gate electrode by treating it as a reverse-biased Schottky diode. This measurement occurred over a 1 ms timespan, so the duty cycle of stressing may be assumed to be roughly equal to 100%. All stressing and measurement of device characteristics was accomplished via the use of an HP4146C semiconductor parameter analyzer, capable of independent measurements of current and voltage on all three device contacts, and a Techtronix 370A curve tracer.
It should be noted that this scheme for off-state stressing and for parametric extraction is radically different from the methodology employed by Wu et al. as part of their study [28] . When devices underwent stressing for this study, the erosion defect was not yet known and efforts were underway to observe pitting under the Nigate, so many of the device parameters which would have been of more interest (such as I DS extraction in the on-state, V TH , R CH , etc.) were not collected as part of this study.
Lamellae for cross-sectional TEM analysis were formed via dualbeam Focused Ion Beam milling (FIB)/Scanning Electron Microscopy (SEM) on a FEI DB235, where in-situ sample milling, liftout, mounting, and thinning were accomplished via the use of an Omniprobe micromanipulator formed from W. All samples were coated with a thermally evaporated C layer 200 nm thick. Organometallic Pt was used to form the 2 μm protective mask utilized during milling with a Ga ion beam. Analysis of lamellae formed via FIB/SEM was performed on a JEMARM200cF TEM, which was probe Cs corrected with a Gatan Quantum for EELS and EDAX for EDS.
Deprocessed samples were studied using top-down SEM on the same FEI DB235 in Ultra High Resolution (UHR) mode with the Through Lens Detector selected. They were also studied using SPM, which was performed with a Veeco Dimension 3100 SPM in tapping mode. The integral gain was set at 5.0 and proportional gain was also set at 5.0 for all testing while the photodiode amplitude setpoint was held at 350 mV in order to ensure good coupling between the AFM tip and the surface. Imaging was performed with a TESP-HAR AFM tip, available from Bruker Nanosurfaces, with a 10 nm tip diameter, a 40 N/m spring constant, and a 5:1 aspect ratio.The region studied as part of SPM analysis was the channel region of the device, represented as a 512 × 512 pixel (6.75 μm × 6.75 μm) topographic map, as measured by SPM.
Deprocessing begins with an exposure to hydrofluoric acid (HF) in the form of buffered oxide etch (BOE) with a 6:1 stoichiometric ratio of HF to Ammonium Fluoride (NH 4 F). BOE etching occurred for a total of 15 min, during which time the PECVD SiN x passivation layer was dissolved. With the SiN x removed, the metallic electrodes could be removed to fully expose the surface of the AlGaN epitaxial layer. This was accomplished via a 96 h exposure in a ferric cyanide (FeCN)/potassium iodide (KI) etch solution, known as TFAC, which is commercially available from Transcene Company, Incorporated. The KI component of this etch solution actively attacks and dissolves any metal, except platinum, with perfect selectivity to the AlGaN layer below. No etch-related defects have been observed in the AlGaN as a result of etching with TFAC, which compares favorably from previous results using Aqua Regia to remove the metal layers [35] . A second etch in 6:1 HF:NH 4 F was performed to remove residual SiN x masked by the overhang of T-gate structures. Additional solvent treatments were used to eliminate all organic contaminants from the surface of the deprocessed devices, starting with a 2 h exposure in a 1:1 mixture of n-heptane and acetone, which was used to dissolve and break up the bulk of the organic film in preparation for an additional 2 h exposure in methanol. This left a pristine, but hydrophobic AlGaN surface, which was very effective at attracting dust present in the processing environment. The last step in the solvent cleaning process was a 2 h ultrasonication in water, which further cleaned the sample and also generated a hydrophilic surface ideal for imaging with SEM.
Results and discussion
Three separate devices were off-state stressed as part of this experiment. The first, shown in Fig. 2(a) was stressed in a fashion as to avoid any dramatic increase in I G . This suggests that macroscopic defect formation does not play a critical role in the characteristics of the device under bias at these low voltages, and the results from plan-view SEM analysis from this stress state, as shown in Fig. 2(b) , appear to corroborate this supposition. No defects were observed after deprocessing and SEM analysis of this device except for some dark spotting indicative of residual organic contamination on the surface of the sample. This matches well with previous deprocessing studies of as-fabricated devices, which demonstrated pristine sample surfaces [37] . Fig. 2(c) demonstrates that the point at which off-state I G increases appears to be the initial point where defect formation begins, which is commensurate with previous studies. Interestingly, the defect formed in the device in this stressing regime, shown in Fig. 2(d) , bears little to no resemblance to the pitting defects observed previously by Chowdhury et al., Makaram et al., and Holzworth et al. [16, 17, 36] . In fact, no pitting defects were observed at this stress state. The observed defect appears to have an appearance more similar to the erosion defect observed by Wu et al. [28] . This is curious, as the pitting defect has been shown to correlate with off-state I G , whereas the erosion defect observed by Wu et al. has been shown to correlate with increases in R CH and associated reductions in I DS in the on-state, which occurred in their study after off-state I G had already risen to a nearly saturated value. In this case, a defect which is morphologically similar to erosion has appeared at the onset of the increase in off-state I GS during off-state stressing. Because of differences in the manner in which this device was stressed in comparison to the study performed by Wu et al., it is difficult to state definitively whether the mechanism which gave rise to this defect is fundamentally different Fig. 1 . A low-magnification STEM cross-section of a T-gate AlGaN/GaN HEMT.
(perhaps because a Ni-gate is being degraded rather than a Pt-gate) or if it is simply being manifested in a different way because of the methodology used for degradation and parametric analysis on the HEMT itself.
In contrast to typical pitting defect formation, which might have an areal density of only a few percent in comparison to the total gate area [17, 37] , this defect was present along fully 66% of the gate width and along the entire gate length. It manifests itself in SEM as a dark band of contrast in the secondary electron image. This dark band of contrast is two-toned for the 100 nm gate length device. The darker toned portion of the band has a length which matches well with the length of that section of the gate which directly contacts the surface of the AlGaN epitaxial layer (approximately 100 nm, which corresponds to the neck of the "T" gate). The extent of the lighter banding to either side of this dark region matches well with the total length of the top structure of the gate electrode which does not sit in direct contact with the AlGaN epitaxial region (approximately 500 nm, corresponding to the crossbar of the "T" gate). This defect could not be removed with an additional round of the HF/TFAC based deprocessing solution. After one hour of exposure in HF, the feature was finally eliminated.
It seems plausible that the band of contrast observed in SEM is due to a thin insulating layer, insoluble in HF/TFAC, which prevents the ejection of secondary electrons out of the sample [47] . The difference in contrast may correspond to varying thickness or conductance of this insulating layer. It should be noted that this band has never been observed during the deprocessing of over 30 control samples which did not undergo any experimental treatment after being received as-fabricated. This banding defect has been observed on three separate device structures during stepped biasing where V DS was non-zero. This tends to also be a condition which induces the largest increases in I G upon initial permanent degradation. Fig. 2 (e) and Fig. 2(f) demonstrate the quality of the surface of the AlGaN epitaxial layer as a device is step stressed at −1 V/min well beyond the initial increase in I G . As shown in this figure, the dark band of contrast observed at the initial onset of degradation is no longer visible. It is replaced by the well-documented pitting defect observed by various authors in Ni-gated devices as well as in Pt-gated devices. The pitting defect covers approximately 5.5% of the total areal density of the 100 nm gate studied as part of the experiment. A corresponding increase in the gate leakage current above that observed at initial breakdown is shown for this same device in Fig. 2(e) . This increase in I G is commensurate with the results of previous studies of the phenomenon [36, 37] . There are a variety of possible explanations for why it is that the band of contrast is not present in devices stressed to high levels of offstate I G . It is understood that extended periods of off-state stressing past initial degradation induce substantial reactivity and mobility of nickel atoms present within the liner layer of the gate electrode [36] . This influx of nickel may result in the consumption of the defect present at the interface.
Wu et al. observed previously that I G and R CH degradation, which correspond to pitting and erosion, respectively, are thermally activated electrochemical degradation processes [27, 28] . During off-state stressing, the gate is placed under a high negative potential. The electric field permeates the device underneath the entire gate length, including the raised portion which makes up the crossbar of the "T", but is maximized where the gate makes direct contact with the AlGaN. At zero bias, the gate electrode can be considered to be at a floating potential. A smaller electrostatic field present between the gate electrode and the 2DEG arises from the built-in potential (and associated dipole) generated by the difference in workfunction between the contacting gate metal and the AlGaN layer beneath it. The vertical field directly under the gate in this case is significantly reduced and is confined to the region directly under the gate, but it is non-zero. Thus, the formation of the erosion defect could also be induced by thermal annealing of a Ni-gated device, where only the built-in potential is present. Fig. 3 demonstrates a defect with morphology similar to that of the electrically induced defect shown in Fig. 2(c) , observed after deprocessing of an as-formed device annealed in a Lindberg Furnace at 500°C for 30 min in an air ambient. This defect was present in devices with both 100 nm gate lengths, shown in Fig. 3(a) , and 1.25 μm gate lengths, shown in Fig. 3(b) . The morphology of this defect was the same between both annealed devices. It should be noted that electrical characterization of annealed samples to verify enhanced leakage I G was not possible in this study because of mixing of the Ni liner and Au cap of the gate electrode.
In contrast to the results demonstrated previously during stressing of the 100 nm gate devices, the defect observed on these devices only extends over the region where the gate electrode makes direct contact with the surface of the AlGaN epilayer. The band of contrast which forms under the gate foot in an annealed device, where the only field present is due to the built-in potential between the electrode and the AlGaN, should have reacted less than the bands which form under the raised portion of the T-gate during electrostatic stressing, where the electrostatic field is much larger. This appears to be the case in comparing Fig. 2(a) with Fig. 2(d) .
The observations above suggest a mechanism for defect formation which is electrochemical in nature and which is thermally activated. The electrostatic model outlined above also explains the "two toned" characteristic of the banding defect present in the electrically biased "T" gate, wherein electric fields are maximized where the gate makes direct contact with the AlGaN and reduced, but non-zero where the gate is raised away from the AlGaN surface. It should be noted that the results above also indicate that the electrochemical reaction involved in the formation of the erosion defect cannot be the same as the pitting reaction detailed by Gao et al. [25, 26] , because that model requires a trap assisted tunneling current of holes from the AlGaN/GaN interface. A supply of holes via trap-assisted tunneling would require electric fields much higher than those induced at the metallurgical junction between the AlGaN and Ni gate with zero bias.
SPM analysis was performed on the surface of a sample which formed the observed defect after annealing at 500°C for 30 min. As shown in Fig. 4(a) and Fig. 4(b) , the dark band of contrast which appeared in SEM, and which matched closely with the dimensions of the 1 μm Ni-gate, is still visible during SPM analysis. A 3.5 μm wide region of the channel was integrated in order to analyze the thickness of this reacted region. According to the averaged linescan resulting from this analysis, shown in Fig. 4(b) , this dark band of contrast corresponds to a raised region on the surface of the AlGaN epitaxial layer possessing an average height of approximately 1.5 nm. This is a curious result when juxtaposed against the results from Wu et al. [28] , where the erosion defect corresponded to a 2 nm pit under the gate contact.
The roughness of this region does not differ substantially from the roughness of the surrounding deprocessed AlGaN surface. The Root Mean Squared (RMS) roughness of the channel region was determined by means of a second measurement with SPM of a 1.5 × 1.5 μm section inside and outside of the reacted defect region within the channel. All other settings were maintained between the two measurements. Analysis of the RMS surface roughness was performed on both regions. The unreacted channel region of the device was found to have a surface roughness approximately equal to 3.7 Å while the surface roughness of the reacted region was determined to be approximately equal to 3.4 Å. Because the two observed roughness values are nearly equal, the material being formed as a result of thermal annealing is likely a contiguous layer which is a product of a reaction at the epitaxial interface between the AlGaN and the Ni. Fig. 4(c) shows the results of isochronal annealing and subsequent deprocessing of devices for 30 min at variable temperatures ranging from 350°C to 550°C in 25°C steps. Analysis was performed on the channel regions of a group of 1 μm gate length devices via SPM over a 3 μm × 2 μm area. The resulting averaged step height between the banded region under the gate and the channel region itself was obtained. The standard deviation associated with the variable height within the banded region versus within the channel is depicted in the error bars contained within this figure, and matches reasonably well with the RMS surface roughness observed previously. The isochronal annealing sequence described previously shows that the banded feature observed under the gate region of the device begins to form at approximately 425°C and is a fully formed feature, which does not appear to grow appreciably larger than 1.5 nm by 475°C.
In order to explain the mechanism of formation for this defective region at the AlGaN interface, information about its composition was obtained via cross-sectional TEM analysis. A control sample was formed from a device which was received as-fabricated and a second sample was formed from a device which was annealed at 500°C for 30 min, Fig. 3. a) A defect with morphological similarity to the one observed in Fig. 1(d) , this one formed on a 100 nm Ni "T" gate via thermal annealing at 500°C for 30 min as observed in secondary electron mode SEM. b) A defect with morphological similarity to the one observed in Fig. 1(d) , this one formed on a 100 nm Ni "T" gate via thermal annealing at 500°C for 30 min as observed in secondary electron mode SEM. the same condition used to produce the defect shown in Fig. 2 and Fig. 3 . Fiduciary marks which set off the gate region of the device were added to both samples to ensure that the lamellae formed captured the surface under the gate electrode of each device.
As shown in Fig. 5(a) and Fig. 6(a) , atomic resolution high angle annular dark field STEM (STEM HAADF) images and high resolution TEM (HRTEM) analysis of the control device demonstrate the presence of an interfacial layer between the AlGaN surface of the HEMT device and the nickel gate of this device, which has been observed in previous studies using APT [21] . This interfacial layer remained after annealing, deprocessing, carbon coating, and FIB cross-sectioning, as shown in Fig. 5(b) and Fig. 6(b) . Reaction by means of thermal annealing or electrostatic biasing appears to induce some sort of chemical change within this interfacial layer which makes it much less pervious to the etch chemistries used for sample preparation in plan-view SEM.
From the STEM HAADF images of Fig. 5(a) and Fig. 5(b) , it is easy to locate the first atomic AlGaN layer above which the interface layer starts. The thickness of this interfacial layer is approximately 1.5 nm prior to annealing and deprocessing, as shown in Fig. 5(a) , and approximately 2.8 nm after annealing and deprocessing, as shown in Fig. 5(b) . Given that SPM measurements indicated that this layer rises above the surrounding AlGaN by only 1.5 nm after annealing, the results from STEM would suggest that some consumption of the underlying AlGaN layer occurs as the interface undergoes reaction as part of defect formation under the gate contact. If the interfacial layer was removed and imaged with SPM, this would result in a pit similar in depth to the erosion defect observed by Wu et al. [28] .
Analysis of HRTEM images of the interfacial layer by Fast Fourier Transform (FFT processed with Image J® software) suggests that this region is amorphous in nature both before and after the formation of the defect present under the gate. The array of bright spots in the FFT, are dim and match closely with the positioning of spots in the FFT of the underlying AlGaN layer. This indicates that the observed dim spots in the FFT of the interface do not arise from a unique crystalline phases within Fig. 4. a) A representative 3.5 μm × 6.5 μm areal scan performed via SPM on the channel region of a HEMT which was thermally annealed at 500°C for 30 min. The dashed boxed indicates the area from which the SPM data was used to form a representative averaged linescan, shown in Fig. 3(b) . Lighter regions indicate higher altitudes while darker regions indicate lower altitudes. b) An averaged linescan, per Fig. 3(a) . c) Analysis with SPM of 3 μm × 2 μm aerial scans of the channel regions of devices annealed from 350°C to 550°C and deprocessed. this layer, but are more likely induced by a thickness effect within the cross-sections.
In order to determine the chemical composition of the interfacial layer, STEM EELS mapping and STEM EDS linescans were performed with a probe size of 1.1 Å. As shown in Fig. 7(a) and Fig. 7(b) , STEM EELS mapping reveals that this interfacial layer is oxygen-rich in comparison to the surrounding AlGaN regions and that this remains the case both before and after annealing/deprocessing of the device structure. The EELS signal arising from N is present in this interfacial layer in the control sample, as shown in Fig. 7(a) , suggesting that the interfacial layer is an oxynitride prior to annealing, commensurate with studies of annealed and unpassivated AlGaN, which are similar the condition of the AlGaN in this study after the formation of ohmic contacts [34] . Upon annealing, the signal arising from N in this layer is greatly diminished, as is shown in Fig. 7(b) . This suggests that, after annealing, the native oxynitride which is present on the surface of the AlGaN reforms and undergoes some chemical reaction which converts it to an oxide, nearly completely rejecting N. Ga out-diffusion also appears to occur.
In order to ascertain more information about the chemical structure of this native oxynitride and its conversion to an oxide upon annealing, a STEM EDS linescan was performed. EDS was chosen as a complementary technique to EELS because the Al peak is obscured by the tail of the Ga peak in the EELS spectrum. Fig. 8 shows the EDS spectra associated with a STEM linescan across the interfacial layer in samples formed both before (Fig. 8(a) ) and after ( Fig. 8(b) ) thermal annealing at 500°C for 30 min of the HEMT device structure. Three general regions of interest are contained within each of these EDS linescans, those being the AlGaN layer (dominated by Al Kα and Ga Kα), the Nickel liner layer (dominated by Ni Kα and interdiffused Au Lα) and the interfacial region (coinciding with the slight increase in the EDS signal arising from the O Kα peak). The EDS linescan shown in Fig. 8(b) demonstrates that, upon annealing at 500°C for 30 min, a peak in the Al Kα EDS signal forms within the interfacial layer. This result is consistent over a range of different analyzed regions and is consistent from one annealed sample to another. This suggests that, during this electrochemical degradation process, the interfacial region between the AlGaN and Ni-gate is undergoing a conversion from an intermetallic compound, formed from mixed Al, Ga, O, and N, to an AlO-based compound which rejects N and getters Al.
The formation of this aluminum oxide-based interfacial layer could cause the increase in leakage observed at the gate contact. It bears noting that the thickness associated with maximum conduction of an Al contact to GaAs with an Al 2 O 3 interfacial layer, thanks to the interplay of dipole formation and tunneling resistance, is approximately 1.5 nm [48] , which is comparable to the thickness of the insulating layer Fig. 6 . a) HRTEM performed on a control sample formed via FIB/SEM cross-sectioning from an as-fabricated AlGaN/GaN HEMT. Insets are the FFT from AlGaN and interfacial layer. b) HRTEM performed on a sample formed via FIB/SEM cross-sectioning from an AlGaN/GaN HEMT which was deprocessed and carbon-coated after annealing for 30 min at 500°C. Insets are the FFT from AlGaN and interfacial layer. Fig. 7 . a) STEM EELS mapping performed on a control sample formed via FIB/SEM cross-sectioning from an as-fabricated AlGaN/GaN HEMT. b) STEM EELS mapping performed on a sample formed via FIB/SEM cross-sectioning from an AlGaN/GaN HEMT which was deprocessed and carbon-coated after annealing for 30 min at 500°C. observed with TEM. However, this same relationship has not been explicitly been demonstrated for AlN/GaN materials and the critical thickness for this conduction mechanism may differ significantly.
Conclusion
Off-State stressing performed on an AlGaN/GaN HEMT with a Ni gate has resulted in the formation of an interfacial defect under the gate contact of the device which manifests itself when IG initially increases during − 1 V/min V GS stressing with V DS held constant. SEM/SPM of off-state stressed and annealed devices have demonstrated that the reaction which forms this defect is electrochemical in nature and is modulated by electric field and by temperature, resulting in a band of dark contrast in SEM and a corresponding raised feature in AFM. EDS/ EELS analyses via STEM as well as HRTEM have shown that this interfacial defect is an amorphous layer of AlO which is formed from the rejection of N and the consumption of Al from an as-formed interfacial layer composed of Al, Ga, O, and N. This results in the formation of a 2.8 nm thick insulating layer between the AlGaN and Ni-gate which consumes approximately 1.3 nm of underlying AlGaN during its formation. This effect has not been observed previously during annealing studies of AlGaN, wherein oxynitride formation and not oxide formation has been observed, and appears to be the district hallmark of the electrochemical degradation process which causes defect formation under the Ni-gate contact.
The defect described above is similar morphologically to erosion defects observed by Wu et al. [28] . While those authors observed the formation of a pit under the gate contact of the device via SPM, however, this study has demonstrated a raised region via SPM. This discrepancy may be caused by the use of TFAC etchant for deprocessing, which is benign to AlO compounds, instead of Aqua Regia, which has a non-zero etch rate on some forms of AlO [49] . The defect itself does not appear to impact device characteristics in the same fashion as the erosion defect observed by Wu. This could be caused by the − 1 V/min ramped off-state stressing of the device, which was quite different from the methodology used by Wu, or by the use of Ni for the gate contact rather than Pt, which seemed to interact with the interfacial defect as I G continued to increase during off-state stressing. The authors expect that the use of MIS-HEMT technology and the associated intentional generation of an interfacial oxide present between the gate contact and the AlGaN epilayer [50] will mitigate the formation of this defect, though reliability of these novel devices is an open question in and of itself [51] .
